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particularly informative model system, yielding data on the role of isulin-like growth factor (IGF)-1 (11, 21) , translation initiation, and peroxisome proliferator-activated receptors (PPARs) (55) in regulating hepatic growth and gene expression. Diet restriction in pregnant rats has likewise implicated the PPARs as critical regulators of hepatic gene expression in the newborn pup and older offspring (35) .
Our laboratory has had a longstanding interest in the cell signaling mechanisms that regulate growth and cell proliferation in the liver during late gestation in the rat (2, 4, 6 -9, 25-28) . Among the experimental models that we have used, maternal fasting is one that has proven useful in linking maternal nutrient restriction to fetal hepatocyte signaling mechanisms (25) . Several years ago, we demonstrated that 48 h of fasting in the pregnant rat, culminating on embryonic day 19 (E19), was associated with G1 cell cycle arrest of fetal hepatocytes (25) . On the basis of physiological mechanisms that have been well characterized in adult rats undergoing liver regeneration following partial hepatectomy, one would predict important roles for the trophic effects of insulin signaling and the nutrient-sensing pathway that involves the mammalian target of rapamycin (mTOR). However, our prior observations had indicated that both of these pathways, along with mitogenic signaling through the Ras-Raf-MEKErk pathway, are uncoupled in late-gestation fetal liver in the rat (2, 9) . Most recently, we studied the effects of the mTOR inhibitor, rapamycin, on three models of liver growth in the rat, partial hepatectomy in the adult, fasting followed by refeeding in the adult, and normal fetal growth late in gestation (10) . We confirmed that signaling through mTOR complex 1 (mTORC1) in the adult regulated a spectrum of genes at the expression level and the translation of a defined subset of mRNAs that have complex 5= untranslated structures. Direct administration of rapamycin to E19 fetuses in situ did not recapitulate the results from either adult model. Rather, we found that the fetal transcriptome and translatome were resistant to the effects of rapamycin-induced mTORC1 inhibition.
The present studies were designed to test the hypothesis that limited growth of the fetal liver in the model of maternal fasting is independent of well-characterized signaling mechanisms that regulate somatic growth in adult animals. To accomplish this, we profiled the fetal hepatic transcriptome and translatome in control fetuses and IUGR fetuses of fasted mothers. In doing so, we were able to assess the mechanisms involved in the regulation of mRNA translation.
MATERIALS AND METHODS
Animal studies. Timed pregnant Sprague-Dawley rats were obtained from Charles River Laboratories (Wilmington, MA) or Harlan Laboratories (South Easton, MA). To induce IUGR, pregnant dams were fasted for 48 h starting on E17 or E18, term being 21 days. Control animals were fed standard laboratory chow ad libitum. All animals were given free access to water. Fetuses were delivered by cesarean section on E19 or E20 under isoflurane anesthesia. Whole livers were flash frozen in liquid nitrogen at the time of delivery and stored at Ϫ70°C until use. The fetal growth data were derived from all of the fetuses from each of three timed pregnant dams per experimental group (control vs. maternal fasting; E19 and E20). Total RNA preparations were made from individual fetal livers from each of three dams per experimental group. Liver polysome preparations were made from four or five pooled fetuses per litter (three dams per group). Western blots were carried out using homogenates made from individual fetal livers derived from the three pregnant dams per group used for the total and polysome RNA preparations. All animal studies were approved by the Lifespan Institutional Animal Care and Use Committee.
Primary fetal hepatocyte cultures. Fetal liver was harvested from pregnant rats on E19. Liver tissue was dissociated using collagenase as per methods standard to our laboratory (15) . After a 2-h attachment period in supplemented MEM␣ containing 5% FBS, cells were maintained in culture under defined (serum-free) conditions using custom MEM␣ obtained from Gibco (ThermoFisher Scientific, Grand Island, NY) that was formulated so that it was devoid of leucine, arginine, and glutamine. This was done in order to study the effects of varying the concentrations of these three amino acids. To constitute the control culture medium, these three amino acids were added back to concentrations equivalent to those in complete MEM␣ (0.4 mM leucine, 1.66 mM arginine, and 0.5 mM glutamine). Where noted, amino acids were added to achieve 10% of the control concentrations. In all cases, the MEM␣ was supplemented as previously described (15) . Experiments were performed using a single E19 fetal hepatocyte isolate.
Biochemical analyses. Western immunoblotting was carried out using methods standard for our laboratory (10) . Primary antibodies for immunoblotting were as follows: Antibodies directed toward phospho-S6 (235/236), total S6, phospho-eIF2␣ (Ser 51) were obtained from Cell Signaling Technology (Danvers, MA); antibodies directed toward 4E-BP1 and total eIF2␣ were from Santa Cruz Biotechnology (Dallas, TX).
Total RNA and polysomal RNA were prepared in triplicate using the same methods employed by Boylan et al. (10) . Total RNA and RNA derived from translating polysomes were analyzed in parallel using Affymetrix Genechip Rat Gene ST 1.0 Arrays (Affymetrix, Santa Clara, CA). All microarray data are accessible through GEO Series accession number GSE77112.
Data and statistical analyses. For growth data comparing control vs. IUGR at two gestational ages, we used two-way ANOVA with Bonferroni multiple-comparisons testing. For the Western blot results, control:IUGR comparisons were made using unpaired t-tests. The threshold for significance was set at P Ͻ 0.05. These analyses were carried out in GraphPad Prism 6.0.
Heat maps and dendograms demonstrating hierarchical clustering were generated using Gene Pattern (42) . We defined differentially expressed genes based on a false discovery rate (FDR) threshold of 5% (51) . Principal components analysis (PCA) (41) of the microarray data was performed using the Partex Genomics Suite, version 6.6.
Assignment of gene ontology categories to the transcriptome and translation efficiency data sets was accomplished using QIAGEN's Ingenuity Pathway Analysis (IPA; Qiagen; Redwood City, CA; www.qiagen.com/ingenuity). Input genes for IPA were selected on the basis of a fold-difference beyond an inflection point in the distribution of data curve (18) . Significance was only assigned to specific IPA categories when the P value for an individual category was lower than the P values for all categories obtained using five control data sets. As previously described (34) , these control data sets, each of which was the same size as the corresponding experimental data set, were randomly selected from the list of genes that showed a fold change Ͻ1.1.Gene Set Enrichment Analysis (GSEA) was performed as previously described (10) . For GSEA (52), we focused on three of the available collections (abbreviated C1, C2, C3, etc.) within the Molecular Signature Database (MSigDB): C2 KEGG pathway, C3 transcription factor targets, and C5 gene ontology. As we have done previously (10), we defined translation efficiency as the ratio of the translating RNA:total RNA signals for a particular gene.
RESULTS
Maternal fasting for 48 h prior to cesarean section was associated with IUGR on both E19 and E20 (Fig. 1) . Fetuses from the maternal fasting group showed significant reductions in fetal body weight and fetal liver weight on both days. The fetal liver:body weight ratio was significantly reduced on both days, indicating that maternal fasting had a disproportionate effect on fetal liver growth. Liver protein per unit wet weight did not differ between the control and IUGR groups. However, combined with changes in liver wet weight, our data resulted in a highly significant reduction by E20 in total liver protein content (20.9 Ϯ 1.7 mg in the control group to 14.0 Ϯ 3.0 mg in the IUGR group; P Ͻ 0.0001).
To investigate the signaling pathways regulating gene expression and protein synthesis in our model of IUGR secondary Fig. 1 . Growth of fetuses from control and fasted dams. Data for fetuses delivered on embryonic day 19 (E19) and E20 are shown for dams fed ad libitum (Control) and dams fasted for 48 h prior to cesarean section (intrauterine growth restriction, IUGR). Data from fetuses derived from three dams per group are shown as means Ϯ SD. Differences between the control and IUGR groups were assessed by two-way ANOVA. A post hoc Bonferonni multiplecomparison test yielded degrees of significance between IUGR and corresponding control groups that were designated as follows: a, P Ͻ 0.05; b, P Ͻ 0.001; c, P Ͻ 0.0001.
to maternal fasting, we performed microarray analysis of total liver RNA and translating RNA derived from polysomes. We focused on E19, a gestational age at which hepatocyte proliferation rate is still high (24) and at which maternal fasting significantly inhibits hepatocyte proliferation (25) . PCA (data not shown) demonstrated a clear separation of total RNA from polysome RNA, with smaller differences between control and IUGR samples. A heat map with hierarchical clustering focused on the 20% of genes with the highest coefficients of variation across all twelve samples ( Fig. 2A) showed segregation of polysome-derived samples from total RNA samples. Within those two groups, control and IUGR samples segregated from one another. However, as indicated by the dendrogram above the heat map, differences between the control and IUGR samples were subtle relative to the differences between the total and polysomal RNA preparations. Similar results were obtained when the heat maps and hierarchical clustering were performed with the 50% or 10% of genes with the highest coefficient of variation across all samples (data not shown). We interpreted these results as indicating that there are a significant number of genes whose expression at the protein level is regulated through translation control and that those genes tend to be similar in the control and IUGR conditions.
To better assess the variability across samples within the transcriptome and translatome results, we performed separate analyses for the two data sets (Fig. 2B) . Hierarchical clustering by row demonstrated several large clusters for each heat map. However, this analysis also demonstrated considerable sampleto-sample variation. This degree of variation was apparent in our further analysis of the microarray results, which revealed no individual genes that differed significantly between control and IUGR total RNA samples or polysomal RNA samples. This was based on a rigorous statistical threshold for significance, a FDR q value Ͻ0.05.
A comparison of the microarray signal intensities for the control and IUGR data (Fig. 3A) showed remarkable similarity with nearly all genes close to the line of identity. The distribution of fold differences (Fig. 3B ) yielded an inflection point of 1.7-fold. Only 22 genes were downregulated in the IUGR group at a fold difference beyond the inflection point. For the genes upregulated in the IUGR group, this number was 48. IPA of the downregulated genes did not yield any significant gene ontology categories. The upregulated genes showed a number of significant categories ( Fig. 3C ), all of which could be accounted for almost entirely by genes encoding cytochrome P-450 enzymes, glutathione S-transferases, several mitochondrial enzymes and ␣ 1 anti-trypsin.
To further assess the effects of maternal fasting on the fetal liver transcriptome, we performed GSEA, the results of which are provided in Supplemental Table S1 . We examined all Fig. 2 . Heat maps and hierarchical clustering of microarray results. The coefficient of variation was calculated for each gene across all experimental groups. A: after stratifying the genes based on this metric, the 20% of genes with the greatest variance were selected for inclusion in this analysis. The dendrogram above the sample designations indicates the relatedness of the various samples. The heat map itself indicates relative level of expression from low (blue) to high (red). B: separate analyses of total RNA (left) and polysomal RNA (right) were performed using log-transformed data for the 5% of genes with the greatest variance. Columns were set for both analyses with controls on the left and IUGR samples on the right. Clustering was performed by row to demonstrate sample-to-sample variation in RNA abundance. significant gene sets based on a FDR q value Ͻ0.05. The enrichment plots of marginally significant gene sets did not show a degree of enrichment that we considered to be of potential physiological significance. Therefore, we focused on the most highly significant findings, gene sets that were enriched at a level of significance defined by a FDR q value Ͻ0.005 (Fig. 4) .
Four curated KEGG pathway gene sets were enriched in the control group: spliceosome, proteasome, DNA replication, and RNA polymerase (Fig. 4) . The identification of these gene sets was based entirely on enrichment of unique genes; that is, genes accounting for enrichment were not present in more than one gene set (Supplemental Table S2 ).
The IUGR fetuses showed enrichment of data sets that reflect functional differentiation, drug, and xenobiotic metabolism by cytochrome P-450 enzymes, bile acid biosynthesis, PPAR signaling, arachidonic acid metabolism, Ala/Asp/Gln metabolism, peroxisome, and lysosome (Fig. 4) . Although there was some overlap of genes accounting for these findings, particularly among the two P-450 gene sets (Supplemental Table S2 ), the KEGG pathway gene sets enriched in the IUGR group were largely dependent on enrichment of genes unique to each gene set.
Analysis for transcription factor target gene sets showed enrichment of E2F targets in the control fetuses, consistent with enhanced cell cycle activity. Two biological process gene sets enriched in control fetuses, RNA processing, and splicing, were consistent with the KEGG pathway results. The IUGR samples showed enrichment of two biological process gene sets, fatty acid, and organic acid metabolism gene sets. Also enriched in the IUGR group was a single transcription factor target gene set, FOXO1 (Fig. 5) . Its identification was accounted for by enrichment of ϳ70 genes in the IUGR group, most of which were genes encoding an array of transcription factors. We interpreted the GSEA results as indicating increased cell cycle activity in the control fetuses relative to the IUGR fetuses, and enhanced functional differentiation in the IUGR fetuses.
A goal of these analyses was to identify signaling pathways that mediate changes in fetal liver development under conditions of maternal nutrient deprivation. The nutrient-sensing system involving the mechanistic mTOR, mTOR complex 1 (mTORC1), in particular, was an obvious candidate (46) . We compared the present results to those from our recently published study (10) , in which we investigated the effects of rapamycin-induced mTORC1 inhibition on liver gene expression in three models of liver growth, late fetal development, fasting followed by refeeding, and partial hepatectomy. This comparison revealed no overlap between gene sets enriched in IUGR fetuses and those from the prior study that were administered rapamycin in situ. Several gene sets (KEGG spliceosome, proteasome, DNA mismatch repair, and DNA excision repair) that were enriched in control fetuses relative to IUGR fetuses were enriched in rapamycin-administered adult animals. We concluded from these results that effects of maternal fasting on the fetal hepatic transcriptome were not consistent with inhibition of mTORC1 signaling. Fig. 3 . The effect of maternal nutrient restriction on the fetal liver transcriptome. A: raw microarray data were used to compare the intensity of mean individual gene signals from the IUGR and control groups. B: mean data for the two groups were used to calculate the fold-difference for each gene. By ordering results by the log2 of the fold-difference, we were able to calculate an inflection point (arrow) that corresponded to an IUGR:control ratio of 1.7. C: genes beyond this fold-difference were subjected to Ingenuity Pathway Analysis. There were no significant gene ontology categories resulting from analysis of genes that were downregulated in the IUGR group. The graph shows results for genes that were upregulated in the IUGR group as the log10 of the P value for individual gene ontology categories. The dashed lines represent threshold P values obtained by analyzing genes that were not changed in the IUGR group (folddifference Յ1.1).
We went on to analyze RNA derived from translating polysomes. In our recent studies on the role of mTORC1 on translation control (10), we had seen highly significant and specific effects on the translation of mRNAs with highly structured 5= untranslated regions. Given the marked effect of maternal fasting on fetal hepatic protein accretion, we hypothesized that these fetuses would exhibit specific and marked changes in the translation of definable subsets of mRNAs.
In an initial test of this hypothesis, we performed an analysis using the microarray profiling of polysome-derived RNA. The results showed 10 genes that exhibited a significant difference between control and IUGR. Fold differences were generally small (1.13-to 1.68-fold), with six showing reduced expression in the IUGR group (Xpo6, Ipo9, Rab18, Scd, Tkt, and Pcsk7) and four showing higher expression (Hadhb, RGD1359452, Tor1aip2, and Fam175a). The genes in this small subset were not functionally related to one another, nor was there a unifying biological category linking them.
We next calculated translation efficiencies for individual genes as the polysome:total signal ratio. There was considerable consistency in the ratios for control and IUGR fetuses (Fig. 6A) . The distribution of translation efficiency control: IUGR ratios (Fig. 6B) showed that few genes exhibited marked differences between the two groups. In fact, calculation of an inflection point for the distribution of the control:IUGR ratios yielded a ratio of 2.0. Only 29 genes showed a greater than two-fold difference in translation efficiency comparing the control and IUGR fetuses. An examination of these genes revealed no functional relationship among them.
Given the small magnitude of control vs. IUGR differences in translation efficiency, we used GSEA to detect changes across gene sets. Unlike the analysis of the transcriptomes, few gene sets showed enrichment in either group at a high level of significance (q Ͻ 0.001). The only KEGG pathway result was the enrichment of the ABC Transporter gene set in the control group (Fig. 7A) . This gene set is accounted for by subunit components of ATP-binding cassette transporters.
The GSEA cellular component gene set analysis yielded one highly significant gene set that was enriched for translation efficiency in the IUGR group (Fig. 7B) . The gene set "ribosomal subunit" was accounted for by enrichment of mitochondrial ribosomal subunit genes. Several other gene sets ("mitochondrial ribosome," "organellar ribosome," "mitochondrial matrix," and "mitochondrial lumen") were identified with q values of 0.001, all of which were accounted for by increased translation efficiency of nuclear encoded mitochondrial genes in the IUGR group. Gene sets significant at q values between 0.05 and 0.001 were all accounted for by the expression of nuclear encoded mitochondrial components. The increased translation efficiency was, in turn, accounted for by subtle differences in both total RNA and polysome RNA abundance.
The polysome profiling results were most consistent with a global effect of maternal fasting on fetal hepatic protein synthesis. The results were inconsistent with an effect on mTORC1 signaling, which would be expected to result in impaired translation of RNA species with 5= terminal oligopyrimidine tracts (5=TOP mRNAs) (10, 54) . A candidate mechanism that could mediate a global inhibition of hepatic translation in the IUGR fetuses could involve the phosphorylation of the eukaryotic initiation factor 2␣ (eIF2␣), a Fig. 6 . Analysis of translation efficiency (TE) results. Mean translation efficiencies for the control and IUGR groups were calculated for all annotated genes. A: correlation between results for the two groups. B: hierarchy of fold-differences between the two groups. An inflection point calculated using these data was a log2 ratio of 1, corresponding to a fold difference of 2. regulator of translation initiation that is responsive to amino acid restriction (3, 59) . To assess these two signaling pathways, we analyzed fetal liver homogenates from control and IUGR fetuses by phospho-specific Western immunoblotting.
We assessed two indicators of mTORC1 signaling, phosphorylation of ribosomal protein S6 and the eukaryotic initiation factor 4E (eIF4E) binding protein 1 (4E-BP1). Results on E19 livers (data not shown) and E20 livers (Fig. 8, A and B) showed no difference in the phosphorylation state of either protein comparing control and IUGR samples. In contrast, E19 IUGR samples showed no significant change in eIF2␣ phosphorylation at Ser-51 (data not shown). However, there was a significant hyperphosphorylation of eIF2␣ at this site on E20 (Fig. 8C) , the developmental age at which the attenuation of liver growth was more extreme.
In previously published studies (25), we profiled fetal serum amino acid concentrations in the same IUGR model of maternal fasting. We observed a modest decrease in circulating arginine concentrations. This was consistent with older studies published by Girard et al. (23) . In our own previous studies using primary fetal hepatocyte cultures, we showed that restricting arginine in the culture media inhibited DNA synthesis. On the basis of this finding and to further assess the role of eIF2␣ phosphorylation in mediating changes in fetal liver protein accretion, we examined the effects of short-term (30 min) and sustained (24 h) amino acid restriction on primary cultures of E19 hepatocytes. In addition to examining the effects of limited arginine, we also eliminated leucine and glutamine from the growth media. The phosphorylation of the key regulatory site on eIF2␣ was determined in cell lysates. We also examined ribosomal protein S6 phosphorylation as an indicator of mTORC1 activity. Results (Fig. 9) showed that leucine restriction was associated with reduced S6 phosphorylation. This effect was particularly pronounced at 24 h. A marked reduction in S6 phosphorylation was seen with 0% arginine at the longer time point. More importantly, restriction of neither leucine nor arginine induced a reproducible increase in eIF2␣ phosphorylation. Elimination of glutamine from the culture media, which we included as a nonessential amino acid control, altered neither S6 nor eIF2␣ phosphorylation.
DISCUSSION
The goal of our work was to identify signaling pathways that mediate changes in fetal liver associated with IUGR. Among the many established approaches to inducing IUGR in animals that are relevant to human IUGR (53), we selected the limitation of nutrient availability. To accomplish this, we chose the well-characterized model of maternal fasting. Girard et al. (23) carefully studied the effects of fasting in the pregnant rat for periods up to 96 h. IUGR was achieved at a duration of fasting of 48 h or longer. We had previously used the model of 48 h of maternal fasting to investigate the regulation of fetal hepatocyte proliferation in the late-gestation, growth-restricted fetal rat (25) . Those studies demonstrated IUGR-associated fetal hepatocyte G1 cell cycle arrest and inhibition of cyclin E-dependent kinase activity. One of the goals of the present study was to investigate the means by which fetal hepatocytes coordinate cell cycle activity and protein synthesis, the molecular basis of which has remained elusive (33). 
R484 FETAL LIVER GROWTH REGULATION
The mTORC1 nutrient-sensing system would be considered an obvious candidate pathway to mediate the effects of maternal fasting on fetal liver growth and gene expression (46) . In recent studies (10), we examined the effects of rapamycininduced mTORC1 inhibition on the liver transcriptome in late fetal development, and in two adult models, fasting followed by refeeding and liver regeneration in response to partial hepatectomy.
Profiling of the liver transcriptome in control and IUGR fetuses yielded changes in gene expression that were remarkably subtle given the magnitude of the effect on liver growth. Changes in the transcriptome could only be detected using global data analytical approaches that employed IPA and GSEA. The latter method (52) is particularly well suited to detecting changing patterns in gene expression that depend on numerous small changes. Using a stringent FDR q-value threshold of 0.005, we identified differences between the control and IUGR samples that were consistent with attenuated proliferation and enhanced functional differentiation in the IUGR group. Altered proliferation was reflected in control group enrichment of KEGG pathway gene sets and gene ontology categories related to RNA processing and DNA replication. In addition, targets of the E2F transcription factor family, key regulators of G1-to-S cell cycle progression (38) , were enriched in the control group. In contrast, the IUGR transcriptome showed enrichment of KEGG pathway gene sets related primarily to metabolic functions, including drug and xenobiotic metabolism, bile acid synthesis, fatty acid metabolism, and amino acid metabolism. These gene sets included cytochrome P-450 enzymes, intermediary metabolic enzymes, and transporters. In addition, there was enrichment of genes involved in peroxisomal and lysosomal biogenesis, two processes that accelerate during late gestation in rodents (36, 50) . Only one upstream regulator, FOXO1, was found to be enriched in the IUGR transcriptome. The identification of FOXO1 in our study was based on enrichment of genes encoding a diverse set of transcription factors, signaling proteins and cell cycle constituents, not enzyme expression. Given that FOXO1 is a key factor in mediating the adaptation to fasting and its attendant hypoinsulinemia (56) , it is unlikely that it is a mediator of the enhanced enzymatic differentiation reflected in the KEGG pathway analysis.
The effects of maternal fasting on the fetal liver transcriptome did not coincide with effects that we observed when we administered rapamycin to fetal rats in situ (10) . Several gene sets (KEGG spliceosome, proteasome, DNA mismatch repair and DNA excision repair) that were enriched in control fetuses relative to IUGR fetuses were enriched in rapamycin-administered adult animals (10), a result that is counter to a role for mTORC1 in IUGR fetuses. We conclude that effects of maternal fasting on the fetal hepatic transcriptome do not involve inhibition of mTORC1 signaling. Similarly, there was no correlation with the specific transcriptional regulation events that Dang Do et al. (16) assigned to the GCN2/eIF2␣ pathway.
The model system employed herein to produce fetal growth restriction had a disproportionate effect on fetal liver mass. The effect on total liver protein content was marked, a reduction of approximately one-third. Studies by Johnson et al. (32) using maternal dietary restriction in the rat showed that reduced protein accretion in liver, unlike heart, diaphragm and brain, was accounted for by a reduction in protein synthesis rather than enhanced protein breakdown. Longer periods of maternal starvation (beyond 48 h) produced greater reductions in protein accretion that were accounted for entirely by reduced synthesis (31) . The markedly lower liver protein content that we observed might be related to several independent factors, including a general reduction in mRNA content, reduced ribosome biogenesis and abundance, and reduced translation initiation. Our microarray data did not indicate a generalized reduction in steady-state mRNA levels. Neither the transcriptome nor the translatome results indicated a specific inhibition of ribosome biogenesis. Ribosome content relative to liver protein content would appear to be normal in the IUGR fetuses based on unaltered ribosomal protein S6 content. These observations are consistent with those of Johnson et al. (32) , who saw similar levels of total RNA in fetal liver from fed vs. fasted dams.
In our recent studies, we showed that administration of rapamycin prior to refeeding or partial hepatectomy in adult rats (10) inhibited, as expected (30) , 5=TOP mRNA translation. In contrast, direct administration of rapamycin to late-gestation fetal rats potently inhibited mTORC1 signaling but had no effect on 5=TOP translation. Profiling of the fetal translatome in our present studies did not disclose an IUGR-associated effect on 5=TOP translation. Our previous studies on mechanisms of hepatic translation control in the late-gestation fetal rat (28) showed marked fetal-adult differences in the composition of the cap-binding translation initiation complex. These included the identification of isoforms of the cap-binding complex scaffolding protein, eIF4G, that were specific to fetal liver and fetal-adult isoform differences in the eIF4A helicase. Fig. 9 . Modulation of cultured fetal hepatocyte signal transduction by amino acid restriction. Following establishment of primary cultures, fetal hepatocytes were maintained for 30 min or 24 h in media that were complete with regard to amino acid concentrations or were deficient in Leu, Arg, or Gln at either 0% or 10% of control levels. At the end of the designated durations, cell lysates were prepared. The lysates were analyzed by Western immunoblotting for phosphorylated and total S6 and eIF2␣. The figure shows results that are representative of duplicate analyses.
At the time, we speculated that these differences might confer differential sensitivity to the growth inhibitory effects of rapamycin. This conclusion is supported by the present studies.
The only evidence for gene-specific effects of nutrient restriction on fetal liver translation came from IPA and GSEA. IUGR samples showed a downregulation of the ABC transporter gene set. The ATP-binding cassette (ABC) transporters represent a large protein family, the members of which utilize ATP to support the transport of an array of molecules across cell surface and intracellular membranes (17) . An examination of the genes that accounted for the identification of this gene set did not reveal a specific subcategory of ABC transporters, nor was there a consistent effect (e.g., upregulation of polysomal RNA content, or reduced total RNA) that accounted for the changes in expression of specific genes. Thus, we are unable to assign physiological significance to the identification of this gene set. Regulation of the translation of ABC transporter mRNAs by small RNAs has been described in prokaryotes (47) . Although such a mechanism has not been described in eukaryotic cells, this mechanism of regulation is consistent with the broad regulation of members of the ABC transporter family that we observed in the IUGR fetuses.
Translatome analysis also showed the upregulation of the translation efficiency of gene sets in the IUGR animals that were accounted for by mitochondrial ribosomal proteins. This result is consistent with enhanced mitochondrial biogenesis associated with nutrient restriction and reduced hepatocyte proliferation. Such an effect would be consistent with prior observations associating a highly proliferative cell phenotype, such as that seen in fetal liver, with relatively low rates of oxidative phosphorylation despite high transcript levels for nuclear encoded oxidative phosphorylation genes (14) .
In contrast to the lack of evidence supporting a role for mTORC1 signaling, we saw a modest but significant increase in eIF2␣ phosphorylation in the IUGR group. This could not be recapitulated in cultured fetal hepatocytes by restricting amino acids. However, as noted above, we have observed phenotypic changes in fetal hepatocytes when cultured regarding mitogenic signaling (6, 9, 26) . Furthermore, in vitro culture conditions are profoundly different than the in vivo milieu, making a direct comparison of our animal and primary culture data difficult. Nonetheless, we consider eIF2␣ to be a candidate for the regulation of fetal liver protein synthesis under conditions of maternal nutrient deprivation. The primary eIF2␣ kinase, GCN2 (general control nonderepressible 2), is a Ser/Thr protein kinase that responds to amino acid deficiency through its ability to bind to uncharged tRNA (12) . In recent years, the complex network of proteins by which cells regulate GCN2 activity has become apparent. The situation is further complicated by the presence in mammalian cells by at least four eIF2␣ kinases (57) . Among these, GCN2 is the most likely, but not necessarily the only, kinase that could mediate an increase in eIF2␣ phosphorylation. A comparison of our data with published findings (16) does not reveal a pattern consistent with effects mediated through a specific eIF2␣ kinase.
In our previous studies on the effects of maternal fasting on the late-gestation fetus, we showed that fetuses of fasted dams had a reduction in circulating arginine. On the basis of this observation, we examined the effects of arginine restriction on translation initiation in primary cultures of fetal hepatocytes. Our results were consistent with inhibition of mTORC1 signaling, the mechanism for which has only recently been elucidated (13) . However, in subsequent studies we showed that the rapamycin resistance of fetal hepatocytes in vivo was lost when fetal hepatocytes were isolated and cultured (6) . The change in the phenotype of these cells when placed in culture is also an important caveat in interpreting the in vitro experiments described herein.
Our studies have several limitations. We did not account for the sex of the fetus or variation in the effects of maternal fasting among fetuses within a litter or across litters. This is a factor that has been shown to be important with regard to development programming (1) . In failing to identify a specific mode of translation control, we are left with the possibility that reduced liver protein accretion in the IUGR fetuses is mediated by a combination of regulatory mechanisms that could not be distinguished by profiling of the translatome. It was long considered that translation of the vast proportion of mRNAs is controlled by the eIF4F cap-binding complex (22) . Ribosome biogenesis, a critical contributor to the regulation of global protein synthesis, was thought to be regulated through the phosphorylation of ribosomal protein S6 (30) . The current view is that diverse mechanisms mediate the recruitment of various mRNAs to ribosomes (48) . Similarly, the regulation of 5=TOP RNA translation has proven elusive (37) . We are left to conclude that the physiological control of protein synthesis in the late-gestation fetus may well involve regulatory mechanisms that are yet to be elucidated. Among such mechanisms might be microRNA-mediated inhibition of translation initiation (49) , intrinsic regulation of ribosomal function (58) , or the recently identified role for methylation of mRNAs (19) .
Perspectives and Significance
In undertaking the present studies, our aim was to use a genomic approach to identify mechanisms involved in the response of the late-gestation fetal rat to restricted nutrient availability. We observed a broad effect, albeit modest in magnitude, on the transcriptome. Changes were consistent with reduced cell proliferation and enhanced functional differentiation in livers from IUGR fetuses. Our studies on translation control were consistent with a global reduction in fetal liver protein synthesis that could not be ascribed to changes in mTORC1 signaling. While maternal diet restriction-induced changes in the transcriptome and translatome might involve GCN2-mediated eIF2␣ phosphorylation, the specific changes in gene expression and translation did not support a primary role for this signaling pathway. In the aggregate, our studies point to novel regulatory mechanisms that mediate a fetal response to maternal nutrient restriction that is associated with reduced proliferation, enhanced functional differentiation, and increased mitochondrial biogenesis. In addition to its significance for metabolic adaptation in the perinatal transition, these results have implications for hepatic carcinogenesis and the response of the liver to injury, two processes that involve fetal-like liver progenitor cells (45) .
